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The antiphase domain structure in epitaxial Fe3O4 films determines its physical properties such as super-
paramagnetism, resistivity, and magnetoresistance. A good knowledge and control of the domain sizes in these
films is therefore of utmost importance. We report on the finding that the antiphase domain boundaries anneal
out via a diffusive mechanism at relatively low temperatures. This has been demonstrated by postannealing the
films at 250 °C, 300 °C and 350 °C. The boundary migration process is a thermally activated process with an
activation energy of 26 kJ/mol ~250 meV!. We have further studied the domain size in epitaxial Fe3O4 films as
a function of growth parameters. A linear relationship has been obtained for the logarithm of the domain size
versus the inverse of the growth temperature ~in the range of 125 °C to 300 °C), which supports the diffusional
mechanism. The domain size is not influenced by the iron flux, but does depend on the oxygen flux. This
suggests that the critical nuclei are pairs of iron and oxygen atoms and that iron is more mobile than oxygen.
DOI: 10.1103/PhysRevB.68.014428 PACS number~s!: 68.35.Fx, 68.55.Ac, 68.55.Jk, 68.37.LpI. INTRODUCTION
Epitaxial Fe3O4 films grown on MgO substrates are
known to contain antiphase domain boundaries ~APBs!.1–3
The APBs are natural growth defects, resulting from the fact
that the lattice constant of Fe3O4 (a58.3987 Å) is twice as
large as the one of MgO (a54.212 Å). In a previous publi-
cation it was assumed that the APBs are formed in the first
monolayer, with fixed domain size as subsequent layers are
deposited.2 In this paper, we show this to be incorrect and
that instead the APBs are mobile and anneal out by a diffu-
sive mechanism.
The presence of the APBs influences the magnetic and
electronic properties of the films. For example, the magneti-
zation does not saturate in high fields1 and ultrathin films
below 5 nm show superparamagnetic behavior.2 A large frac-
tion of the APBs exhibits a strong antiferromagnetic ~AF!
coupling.1,2 Here the conduction electrons that have a high
degree of spin polarization8 are blocked. The resistivity of
epitaxial Fe3O4 films containing APBs is thus increased with
respect to the bulk resistivity. The resistivity of the films also
increases with decreasing film thickness. Recently we have
shown4 that this can be related to a significant decrease in
domain size, and thus to a strong increase in APB density.
Upon application of a magnetic field, the AF spins change
their orientation with respect to each other and the resistivity
is reduced. The magnetoresistance behavior for one bound-
ary has been modeled by a hopping model in which spin-
polarized electrons traverse an antiferromagnetic interface
between two ferromagnetic chains.5–7 The magnetoresistance
effect across one boundary is expected to be very large.
However, in the Fe3O4 films the domain size is very small
(,50 nm) and the magnetoresistance ~MR! is thus measured
over many boundaries. This greatly reduces the MR effect
and complicates the modeling of the MR behavior in Fe3O40163-1829/2003/68~1!/014428~7!/$20.00 68 0144films. Therefore, a large domain size is desirable in order to
measure the magnetoresistance of a single boundary.
Since the domain boundaries determine general physical
properties such as magnetism and resistivity, it is necessary
to have knowledge about the boundary density. For instance,
the saturation magnetization of Fe3O4 films grown by differ-
ent techniques and temperatures @i.e., sputtering1 and
molecular-beam epitaxy2,3 ~MBE!# is very different and
could be related to a different APB structure.9 In this paper
we present a quantitative study of the changes in APB den-
sity as a function of annealing and growth parameters.
II. EXPERIMENT
The Fe3O4 films were grown using MBE in an ultrahigh
vacuum system with a background pressure of 10210 mbar.
Standard samples were grown using an iron flux of
1.2 Å/min, an oxygen background pressure of 1026 mbar,
and a growth temperature of 250 °C. Using these conditions,
films between 3 and 100 nm thickness were grown. To de-
termine the structural quality and purity, the films were ana-
lyzed in situ using reflection high-energy electron diffraction
~RHEED!, low-energy electron diffraction and x-ray photo-
emission spectroscopy. The thickness of the films was deter-
mined both during growth from the oscillation period of the
RHEED specular spot intensity and after growth from x-ray
reflectivity.
The iron flux was measured using a quartz-crystal bal-
ance. Oxygen was admitted via a gas delivery system con-
sisting of a small buffer volume. The O2 gas is let into the
buffer volume via a leak valve. The buffer pressure is mea-
sured with a baratron.
The domain sizes have been studied by transmission elec-
tron microscopy ~TEM!. Specimens were prepared by dis-
solving the MgO substrate and floating the Fe3O4 films off in©2003 The American Physical Society28-1
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70 °C.10 The Fe3O4 films were picked up on a copper grid
and analyzed in a JEOL 2000FX electron microscope oper-
ating at 200 keV. To analyze the domain size, dark field
images were made using a ~220!-type spinel reflection. In
the Fe3O4 films, seven types of boundary shifts are possible:
1/4@011# , 1/4@011¯ # , 1/4@101# , 1/4@101¯ # , 1/4@110# ,
1/4@11¯0# , and 1/2@100# , of which only the first four are
visible when using a ~220!-type reflection. All the domain
sizes reported here refer to the domain size as obtained from
the dark field ~220! images taken with this type of reflection.
Quantitative domain sizes have been determined from the
dark field images using the linear intercept method.
III. RESULTS AND DISCUSSION
The formation of APBs in epitaxial Fe3O4 films results
from the nucleation of islands when the films are deposited
on the substrate. Previous studies have assumed that the
APBs form in the first monolayer and the domain size is then
fixed as the APBs continue to extend upwards through the
film as more material is deposited.2
We recently reported that the domain size depends on the
thickness of the film. The domain size increases significantly
with film thickness, and therefore with deposition time, ac-
cording to the parabolic relation D}At as shown in Fig. 1.
The increase in domain size with thickness can originate
from two effects. One possibility is that small domains are
formed in the first monolayer and larger domains grow on
top of these as the film thickness increases. The other possi-
bility is that the APBs migrate laterally during the growth
process such that the domain size increases.
To discriminate between these two options, we have stud-
ied the development of the domain sizes for 12-nm thick
films by postannealing them at 250 °C, 300 °C, and 350 °C
for 1, 2, 4, and 10 hours. Figure 2 shows TEM images of the
12-nm thick reference sample @Fig. 2~a!# and of samples that
were postannealed for 1 and 2 h at 300 °C @Figs. 2~b! and
2~c!, respectively#. The postannealing was performed in an
FIG. 1. Domain sizes for 3, 6, 12, 25, 50, and 100 nm thick
epitaxial Fe3O4 films on MgO. The domain size is determined from
dark field TEM images obtained with a ~220! spinel reflection. The
line is a fit to the data D5CAt .01442oxygen background pressure of 1026 mbar, which is the
same as that which took place during the growth of the films.
It is clear that the domain size increases with annealing time.
These measurements therefore support the interpretation that
the APBs anneal out during the growth of the films. This is
confirmed by the TEM images ~see Fig. 2!. If larger domains
were to form on top of smaller ones, the small domains
would still be visible in the TEM images, which is not the
case. The growth of the antiphase domains in epitaxial Fe3O4
films is surprising, as one would expect the APBs to be
static. Antiphase domain growth has been observed in
Mg2TiO4 films,11 but these films were grown with the solid-
state reaction technique which requires diffusion of one spe-
cies into the other and high temperatures ~about 1000 °C).
The measured domain sizes for the as-grown and the post-
annealed samples at the three different temperatures are
shown in Fig. 3. The rate law for domain coarsening can
generally be described as12,14
Dn2D0
n5kta , ~1!
FIG. 2. Dark field TEM images of 12-nm thick Fe3O4 films. The
as-grown film is shown in ~a! and the images in ~b! and ~c! were
taken after postannealing at 300 °C in an oxygen background pres-
sure of 1026 mbar for 1 and 2 h, respectively. The scale bar is in all
cases 20 nm. Images were taken with a ~220!-type reflection near
the @001# zone axis.8-2
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of annealing, and ta the annealing time. When n52, k has
the same dimensions as a diffusion coefficient (m2/s). This
rate law results from the driving force for migration being
the APB surface energy and the curvature of the APBs.25 If
the boundary migration mechanism is a thermally activated
process, the rate constant k has the form k5k0e2Ea /kBT.
The antiphase domain coarsening in our Fe3O4 films is
well described by Eq. ~1! with n52, as shown in Figs. 4~a!–
4~c! where the plot of D22D0
2 versus the annealing time
yields a straight line. The slopes of the graphs give values of
k at three different temperatures. The logarithm of k versus
1/T @Fig. 4~d!# gives an activation energy of 2665 kJ/mol.
APB migration following the same rate law as that in Eq.
~1! and with n52 has also been found in other materials. For
instance, in Cu3Au in which the activation energy is 184
kJ/mol ~Ref. 13! and in anorthite (CaAl2Si2O8) the activa-
tion energy is 514 kJ/mol.14 In both cases, the activation
energy for boundary migration is comparable to values ob-
tained using bulk tracer and interdiffusion experiments.13,14
Compared to the above-mentioned materials, the activa-
tion energy for domain coarsening in Fe3O4 films is rela-
tively low. APB migration in ordered metallic systems such
as Cu3Au requires substitutional diffusion and hence activa-
tion values are similar to bulk diffusion for these materials.
However, for Fe3O4 the oxygen sublattice is continuous
across the boundary and APB migration only requires diffu-
sion of the cation species on the mostly unoccupied intersti-
tial sites of the oxygen sublattice. Consequently, the activa-
tion energy for interstitial cation diffusion would be expected
to be significantly less than that for substitutional diffusion
of ordered metallic systems. Anorthite also has an fcc oxy-
gen sublattice which is continuous across the boundary. The
difference in activation energy for domain coarsening be-
tween Fe3O4 and anorthite is about an order of magnitude.
The APB coarsening in anorthite requires an exchange of Al
and Si,14 whereas in Fe3O4 a translation of the iron ions is
involved. Carpenter has shown15 that APBs that require only
FIG. 3. Increase in domain size for 12-nm thick Fe3O4 films
with annealing times 1, 2, 4, and 10 h. Annealing has been done at
250 °C, 300 °C, and 350 °C. Lines are guides to the eye.01442a small atomic displacement migrate much faster than APBs
that require an exchange of cations. Furthermore, the two
materials have different electronic properties. Anorthite is
nonconducting and point defects will build up electrostatic
interaction, inhibiting the motion of the cations, especially at
high defect concentrations. Fe3O4, on the other hand, has a
rapid exchange of electrons between Fe21 and Fe31 and no
long-range electrostatic interactions can build up.16
It is also interesting to compare our activation energy to
bulk diffusion data. A comprehensive study of the bulk dif-
fusion in Fe3O4 has been performed by Dieckmann and
Schmalzried.17–19 They performed tracer diffusion experi-
ments as a function of temperature and oxygen pressure. The
main result was that diffusion occured via a defect mecha-
nism and was therefore strongly dependent on the oxygen
pressure (pO2), because the formation of point defects de-
pends on pO2. At low pO2 the bulk diffusion mechanism
was dominated by iron interstitials. Diffusion via interstitial
sites is complicated and several mechanisms have been
proposed.20,21 At high pO2 diffusion occurs mainly via va-
cancies on the octahedral iron lattice, which has also been
confirmed by Mo¨ssbauer studies.22 The migration enthalpy
for vacancy diffusion is 86.5 kJ/mol and for interstitial dif-
fusion it is 255.6 kJ/mol.23 Even though the bulk values have
been obtained from experiments that have been performed at
temperatures far above the Curie temperature (Tc), Atkinson
FIG. 4. Square of the domain size versus annealing time at ~a!
250 °C, ~b! 300 °C, and ~c! 350 °C. The slopes of these three
curves are shown in ~d!.8-3
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and found that the high-temperature data can be extrapolated
to temperatures below Tc .24 The activation energy for bulk
diffusion is higher than for domain coarsening. A possible
explanation is that bulk diffusion requires the formation of
point defects, while in epitaxial films, a defect structure on
the Fe sublattice is already present at the APBs, which could
facilitate migration along the APBs. We have also postan-
nealed a 12-nm thick Fe3O4 film at 300 °C in vacuum. Im-
ages of the as-grown sample and after postannealing for 1
and 2 h are shown in Fig. 5.
While the boundaries are sharper for the samples that
have been postannealed in oxygen, the domain sizes are to
within 10% equal for annealing in vacuum and in oxygen.
The fact that the migration of the APBs is independent of the
presence of oxygen during annealing indicates that boundary
FIG. 5. Dark field TEM images of 12-nm thick Fe3O4 films. The
as-grown film is shown in ~a! and the images in ~b! and ~c! were
taken after postannealing at 300 °C in vacuum for 1 and 2 h, re-
spectively. The scale bar is in all cases 20 nm.01442migration does not require additional defects to be formed,
since a defect structure already exists at the APBs.
Due to the high density of APBs the free energy of the
thin films is much higher than for an APB-free single crystal.
The epitaxial films thus possess a large driving force for APB
removal. The situation can be compared to a polycrystalline
film with grain boundaries. Due to the larger free energy of
this system compared to a single crystal the film is not stable.
Annealing these films causes the boundaries to migrate, such
that a local equilibrium at the boundaries can be achieved.
Equilibrium at a boundary junction depends on the surface
energy of the boundaries, the number of boundaries inter-
secting at a junction, the angle between the boundaries, and
the curvature of the boundaries.25 Small grains tend to have
high curvature boundaries and these grains disappear during
annealing. A similar situation occurs in the epitaxial Fe3O4
films. The as-grown film has a large number of junctions
where three or more boundaries meet @Figs. 2~a! and 5~a!#.
Furthermore, the APB directionality is random with a curved
APB structure. After annealing, the boundaries have become
straighter and the number of junctions is significantly re-
duced @Figs. 2~b!, 2~c!, 5~b!, 5~c!#.
If the mechanism for domain coarsening during growth is
a diffusional process, a change in domain size can be ex-
pected for different growth temperatures @because the rate
constant k in Eq. ~1! depends on temperature as k
5k0e2Ea /kBT]. To investigate this aspect, Fe3O4 films of 6,
12, 25, and 50 nm thickness were prepared at 125 °C,
200 °C, and 300 °C, keeping the iron and oxygen fluxes con-
stant. For higher temperatures, Mg from the substrate starts
to segregate into the film,26 thus limiting the maximum
growth temperature.
The domain sizes for various film thicknesses ~6, 12, 25,
and 50 nm! versus 1/T are shown in Fig. 6. On a logarithmic
scale, this is indeed a straight line. The activation energies
are 22, 19, and 17 kJ/mol for 12, 25, and 50 nm, respectively.
FIG. 6. Domain sizes versus growth temperature for 6 nm, 12
nm, 25 nm, and 50 nm thick films.8-4
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the one obtained for postannealing. This shows that the same
mechanism applies to coarsening during growth. The 6-nm
thick film has a much lower activation energy of 9
61 kJ/mol. This is probably due to the extremely high APB
density in this film4 leading to an increased driving force for
APBs migration.
The initial domain size formed in the first monolayer can
also depend on the oxygen or iron flux. We have studied the
influence of the iron flux by growing 12nm thick samples
using 0.6, 1.2, 2.5, 3.6, and 5 Å/min iron fluxes, keeping the
oxygen buffer pressure constant at 10 mTorr. The domain
sizes of 12-nm thick films grown at 250 °C with different
iron fluxes are shown in Fig. 7~a!. The domain size is within
experimental error independent of the iron flux.
In contrast, a clear change in domain size is observed if
the oxygen flux is varied @Fig. 7~b!#. The 12-nm thick speci-
mens were grown at a constant iron flux of 1.2 Å/min @1.8
31017 (m22s21)] using different oxygen fluxes. The oxygen
flux is expressed in terms of the baratron buffer pressure ~in
mTorr!. To obtain the oxygen flux, F(O2), in particles/m2s,
the following relation holds: F(O2)51.9310173Pbu f . For
oxygen buffer pressures between 5 and 15 mTorr, the domain
size decreases with increasing oxygen pressure.
When an oxygen buffer pressure of 1 mTorr is used, the
domain size is smallest. At this oxygen pressure, the flux of
O2 molecules is 1.931017 (m22s21). The iron flux is 1.8
31017 (m22s21). The oxygen flux necessary to oxidize the
iron into Fe3O4 is 2.431017 (m22s21). Therefore, the O2
flux is too low to fully oxidize all the iron into Fe3O4.
FIG. 7. Domain sizes for 12-nm thick Fe3O4 films grown at
250 °C as a function of ~a! iron flux and ~b! oxygen flux.01442TEM images of the 12-nm thick Fe3O4 films grown at
different oxygen pressures are shown in Fig. 8. The antiphase
domain boundaries of the two samples with small domain
sizes, Figs. 8~a! and 8~c! appear broader than the APBs of the
film with a larger domain size @Fig. 8~b!#, for reasons that are
unclear.
The fact that the domain size is independent of the iron
flux but decreases with increasing oxygen flux is quite sur-
prising at first sight, but can be explained using general
nucleation and growth theoretical arguments. We will start
the discussion with the simpler case of the nucleation and
growth of an elemental metal and follow the treatment of
Villain et al.27 Adatoms are deposited at random with a flux
F per unit area and time. It is assumed that the critical
nucleus is a dimer and that the detachment of atoms from
islands and evaporation can be neglected. During the initial
stage of growth, the adatom density rises rapidly, leading to
an increase in the island density as the adatoms start to ag-
FIG. 8. Dark field TEM images of 12-nm thick Fe3O4 films
grown with a constant iron flux, but with a varying oxygen fluxes of
~a! the lowest applied oxygen flux (Pbu f51 mTorr), ~b! Pbu f
55 mTorr, and ~c! Pbu f515 mTorr.8-5
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tween the islands becomes so small that most adatoms are
captured by an island instead of forming new nuclei. At this
stage, the maximum island density is reached. The average
size of the islands is thus determined by the balance between
the deposition rate and the surface diffusion constant of the
adatoms. An approximate value can be obtained as follows.
In the initial stage of the growth, the adatom has to move
a distance L before being absorbed. In doing so, it visits
approximately L2 sites. The chance to find a site occupied is





Another approximate expression for the nucleation rate
can be obtained by realizing that during the time necessary to
complete one atomic layer one nucleus is formed per L2
sites,27,29 i.e., 1/tnucl5F/L2. Combining the above two
equations yields
L5~r!21/4. ~3!
The density of adatoms can be obtained from the product
of the flux and the average lifetime, t , of an adatom. The
average lifetime is approximately equal to L2/D , where D is
the adatom diffusion constant. As a result, the average ada-









We apply similar arguments to the growth of iron oxide,
which is obviously a much more complicated system. For the
MBE growth of Fe3O4 the growth mechanism is not known
and during deposition there are two fluxes, the iron flux and
the oxygen flux.
We assume that a critical nucleus is formed when an Fe
adatom and an oxygen particle meet. The precise form of the
oxygen species, whether it is molecular or atomic oxygen, is
not known. We will assume that the metal particle is diffus-
ing at a much faster rate than the oxygen species. In that case
the iron adatom visits L2 sites before it is captured. The
probability that it meets an oxygen particle and forms an
oxide nucleus is equal to the average density of oxygen par-





If the growth is limited by the iron flux, one oxide nucleus is
formed per L2 sites during the time 1/FFe necessary to form01442a full monolayer, and consequently the nucleation time is
also equal to 1/tnucl5FFe /L2. Combining the last two equa-
tions one finds
L5~rO!21/4. ~7!
The island size thus depends on the oxygen particle den-
sity only. It is independent of the iron flux, in agreement with
experimental observation. The predicted decrease of island
size with increasing oxygen particle density implies also a
decrease with increasing oxygen flux. This is also observed.
However, the precise relationship between the oxygen flux
and the stationary oxygen density cannot be easily derived,
because it depends on at least two removal processes, i.e.,
capture by islands and reevaporation. The latter process must
be particularly important for those experiments in which the
oxygen fluxes are 5, 10, and 15 times higher than the iron
flux. Another complicating factor is the increase in domain
size in time due to diffusion processes.
In summary, the exact growth mechanism for Fe3O4
grown by MBE cannot be determined from these experi-
ments, but it is likely that critical nuclei consist of an iron
and an oxygen atom and that Fe diffuses faster than oxygen.
Island formation is then dependent on the density of the
slower species.
The observed domain sizes and their dependence on
growth parameters of course strongly depend on the growth
method. These experiments have been performed on Fe3O4
films grown by MBE where separate iron and oxygen fluxes
have been employed. For films grown by sputtering or
pulsed laser deposition very different results can be ex-
pected. However, for films grown with sputtering similar do-
main sizes to the ones in our films grown with MBE have
been found.1
IV. CONCLUSIONS
We have grown epitaxial Fe3O4 films which contain an-
tiphase boundaries ~APBs! by MBE and studied the APB
density. From the results of the variation in domain size with
film thickness and postannealing time, we have shown that
the APBs anneal out via a diffusive mechanism, with an
activation energy of 2665 kJ/mol ~250 meV!. This low ac-
tivation energy for diffusion of APBs is detrimental for ap-
plications such as magnetoresistance devices. Because the
APBs structure determines general physical properties such
as resistivity and magnetism, it is important to understand
the development of the domain structure as a function of
growth parameters. A linear relationship has been obtained
between the logarithm of the domain size and 1/T . Besides
the increase in domain size with growth temperature, we
have also studied the influence of the iron and oxygen fluxes.
From this data, we propose that critical nuclei are those of
FeO molecules and that the oxygen species is relatively im-
mobile on the surface and thus determines the domain size.
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